Ubiquitination is a posttranslational modification that regulates protein degradation and signaling in eukaryotes. Although it is acknowledged that pathogens exploit ubiquitination to infect mammalian cells, it remains unknown how microbes interact with the ubiquitination machinery in medically relevant arthropods. Here, we show that the ubiquitination machinery is present in the tick Ixodes scapularis and demonstrate that the E3 ubiquitin ligase named x-linked inhibitor of apoptosis protein (XIAP) restricts bacterial colonization of this arthropod vector. We provide evidence that xiap silencing significantly increases tick colonization by the bacterium Anaplasma phagocytophilum, the causative agent of human granulocytic anaplasmosis. We also demonstrate that (i) XIAP polyubiquitination is dependent on the really interesting new gene (RING) catalytic domain, (ii) XIAP polyubiquitination occurs via lysine (K)-63 but not K-48 residues, and (iii) XIAP-dependent K-63 polyubiquitination requires zinc for catalysis. Taken together, our data define a role for ubiquitination during bacterial colonization of disease vectors.
Ubiquitin is an evolutionarily conserved protein that carries 7 lysine (K) amino acids (K6, K11, K27, K29, K33, K48, and K63). Ubiquitin may form linkages with the K of a target protein or the K of another ubiquitin [1, 2] . This process is referred to as protein ubiquitination and involves a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitinprotein ligase (E3) [1, 2] . Ubiquitination has emerged as a key mechanism regulating pathogenesis and immunity in mammals [3] . Ubiquitination plays a central role in adaptive immunity, antigen presentation, and regulation of several immune signaling pathways. The nuclear factor (NF)-κB family of transcription factors, Toll-like (TLRs), Nod-like (NLRs) and RIG-like receptors (RLRs) have all been shown to be regulated by ubiquitination [3] . Hence, pathogens have evolved strategies to manipulate the ubiquitination machinery and colonize the mammalian host (reviewed in [3] [4] [5] ). Bacterial factors target host proteins for degradation via the ubiquitin-proteasome system (reviewed in [3] ). Salmonella enterica and Burkholderia pseudomallei interfere with antimicrobial pathways preventing or reversing ubiquitin modifications, whereas Shigella flexneri and Listeria monocytogenes prevent ubiquitination, thus, evading autophagy (reviewed in [3] [4] [5] ).
Surprisingly, medically relevant arthropod vectors have not been studied in the context of ubiquitination, and ubiquitin dynamics during pathogen colonization has yet to be explored. This is a scientific constraint because understanding the ubiquitination machinery in disease vectors may pave the ground for the development of novel therapeutics that prevent or delay the onset of illnesses. Here, we begin to unravel how ubiquitination regulates microbial pathogenesis in ticks. By using the blacklegged tick and the rickettsial bacterium Anaplasma phagocytophilum, the agent of human granulocytic anaplasmosis [6] , we first show that the ubiquitome is functional in Ixodes scapularis. Then, we characterize the tick E3 ubiquitin ligase named xlinked inhibitor of apoptosis protein (XIAP) via biochemical and molecular assays. We demonstrate that XIAP polyubiquitination is dependent on the really interesting new gene (RING) domain, requires zinc for catalysis, and occurs via lysine (K)-63 but not K-48 residues. Finally, we use RNA interference (RNAi) to show that xiap silencing significantly increases colonization of I. scapularis ticks by A. phagocytophilum. Altogether, our findings shed some light onto microbial colonization of ticks and may serve as a prelude for discussions in terms of ubiquitin-pathogen interactions in disease vectors.
MATERIALS AND METHODS

Ethics Statement
Experiments were approved by the Institutional Animal Care and Use Committee (IACUC number A-20110030BE). C57BL/6 mice (6-10 weeks) were purchased from Jackson Laboratories. I. scapularis nymphs were obtained from Oklahoma State University and reared at 23°C with 85% relative humidity and 14 hour light/10 hour dark cycle. Experimentation with A. phagocytophilum (HZ strain) was approved by the Biological Use Authorization Committee (BUA number 20120020). A. phagocytophilum was grown in HL-60 cells, as described elsewhere [7] .
I. scapularis siRNA Microinjection
The siRNA synthesis, details about I. scapularis ISE6 cells, and viability assays are available in supplemental materials and methods. In total, 10-15 I. scapularis nymphs were held with forceps and microinjected (Nanoject II, Drummond Scientific, Broomall, PA) in the abdomen at 45 degrees and a 46 ηL/second injection rate, with 9.2 ηL containing 1 × 10 13 molecules/µL of xiap or scrambled siRNAs. I. scapularis were left to rest for 30 minutes to 2 hours and allowed to feed for 72 hours on A. phagocytophilum-infected C57BL/6 mice. Nymphs were then dissected under the microscope and salivary glands or midguts were processed either individually or in pools of 2 for analysis.
XIAP Cloning and Expression
Details about XIAP bioinformatics, an expanded version of the cloning and expression procedures, are available in supplemental materials and methods. We used the TOPO cloning strategy to clone I. scapularis XIAP and XIAP-ΔRING. OligoPerfect (Invitrogen, Grand Island, NY) was used to design primers (Table S1 ). Amplicons were ligated into pCR 2.1-TOPO and Escherichia coli TOP10 strain (Invitrogen, Grand Island, NY) was transformed. EcoRI and NotI restriction sites were added to I. scapularis XIAP and ΔRING-XIAP amplicons for subcloning. Amplicons were digested with EcoRI and NotI high-fidelity restriction enzymes (New England BioLabs, Ipswich, MA) and ligated into the digested EcoRI and NotI PGEX-6P-2 plasmid (GE Healthcare, Pittsburg, PA). XIAP and ΔRING-XIAP PGEX-6P-2 constructs were then used to transform the E. coli BL21 Gold (DE3) strain (Agilent, Santa Clara, CA). Expression was induced with isopropylthio-β-galactoside (IPTG; 0.1 mM) at 18°C for 20 hours. Purification and solubilization were performed, as described elsewhere [8] . -linked ubiquitin for 1 hour. Custom-made I. scapularis XIAP antibodies were obtained (Thermo Scientific, Lafayette, CO). XIAP (1:500 dilution) and GST (1:500 dilution; Calbiochem, Millipore, Billerica, MA) antibodies were used for autoubiquitination studies. Secondary antibodies were used at a 1:8000 dilution. Blot was covered with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Lafayette, CO). Immunoblots were stripped using Multi-Western Stripping Buffer (Bioland Scientific, Paramount, CA). For Zn chelation, 2.5 µg of XIAP were incubated with 2 mM tetrakis-(2-pyridylmethyl) ethylenediamine (TPEN) (Sigma-Aldrich, St. Louis, MO) or 0.5% ethanol (mock) overnight at 4°C. Samples were then treated with indicated amounts of ZnCl 2 for 45 minutes at room temperature. For alkylation experiments, 3 µg of XIAP were treated with indicated concentrations of N-ethylmaleimide (NEM; SigmaAldrich, St. Louis, MO) in phosphate-buffered saline (PBS) for 30 minutes at room temperature. Details related to the confocal microscopy are available in supplemental materials and methods.
Statistical Analysis
Data were expressed as means ± standard errors of the mean (SEM). We used D'Agostino-Pearson omnibus test, unpaired Student t test and 1-way analysis of variance (ANOVA), followed by Bonferroni post hoc multiple-comparison tests.
Analyses were performed using GraphPad Prism 5.04. P≤ .05 was considered statistically significant.
RESULTS
The I. scapularis Ubiquitome
K48 (Ub
K48
) and K63 (Ub K63 )-ubiquitination are the most widely studied ubiquitin chains [9] . Thus, we used antibodies specific for these linkages to determine whether Ub K48 -and/or Ub K63 -polyubiquitination are present in I. scapularis. We established that both Ub K48 and Ub K63 linkages are present in protein lysates of the ISE6 cell line ( Figure 1A , left panels). To confirm specificity, we performed antibody-competition assays with linkage-specific tetraubiquitins. TetraUb K63 and tetraUb K48 are the minimum recognition units by the polyubiquitin antibodies [9] . Coincubation of Ub -specific antibody did not affect polyubiquitination recognition ( Figure 1A , center panels).
Confocal microscopy with an antibody that recognizes a wide range of ubiquitin chains, here described as a pan ubiquitin (Ub Pan ) antibody, showed wide polyubiquitination distribution across ISE6 cells ( Figure 1B, upper panel) . However, foci of Ub K48 polyubiquitination in ISE6 cells revealed a pattern within the nuclear and perinuclear cellular region ( Figure 1B , middle panel). Seemingly denser, Ub K63 polyubiquitination foci patterns were observed in ISE6 cells ( Figure 1B, lower panel) . Because ticks experience a dramatic change in physiology during blood feeding [10] , we addressed polyubiquitination in vivo. We focused our studies on salivary glands and midguts of nonengorged and engorged ticks because these organs are targeted by pathogens during a blood meal [10, 11] . It was difficult to estimate the extent to which differences observed were due to feeding or tissue reorganization because engorgement affected Ub Pan , Ub K63 and Ub K48 polyubiquitination dynamics in tick midguts and salivary glands ( Figure 1C ). As in ISE6 cells, Ub K63 polyubiquitination was present in the nuclei of nonengorged tick salivary glands ( Figure 1C , SG nonengorged, middle panel). Conversely, we did not detect Ub K48 polyubiquitination in the nuclei of nonengorged tick salivary glands ( Figure 1C , SG nonengorged, right panel). A more widespread distribution of Ub K48 polyubiquitination was seen after tick engorgement in both salivary glands and midguts ( Figure 1C , engorged, right panels). Less Ub K63 ubiquitination was observed in blood-fed midguts when compared to Ub K48 and Ub Pan , but it is unclear if this effect is due to engorgement or blood derived from mice. Nevertheless, Ub K63 can still be seen in the nuclear area of the midgut cells ( Figure 1C ). Overall, our data support a functional ubiquitome in I. scapularis ticks. . B-C, Ubiquitination assays followed by Western blot. Polyubiquitination assays were performed in the presence of ubiquitin, an E1 ubiquitin-activating enzyme (Ube1), E2 ubiquitin-conjugating enzymes (UbcH), and the tick recombinant E3 ubiquitin ligase XIAP expressed in Escherichia coli. Ten different E2 enzymes were used in (B), and UbcH13 was used as the E2 in (C and D). Aliquots were resolved in 12% SDS-PAGE and probed with an Ub Pan ubiquitin. Experiments were repeated at least twice. D, Polyubiquitination assays were performed in the presence of XIAP expressed in E. coli tagged with GST. Aliquots were resolved in 12% SDS-PAGE and probed for GST (upper panel) and XIAP (lower panel). Abbreviations: GST, glutathione-S-transferase; RING, really interesting new gene; XIAP, x-linked inhibitor of apoptosis protein.
I. scapularis XIAP Is an E3 Ubiquitin Ligase
The human XIAP is an important E3 ubiquitin ligase involved in neutrophil infection by the tick-borne rickettsial agent A. phagocytophilum [12] . The tick XIAP sequence suggested similarities with mammalian XIAPs and related proteins in Drosophila (Figure 2A) . However, I. scapularis XIAP is substantially shorter when compared to the mammalian and Drosophila proteins and does not carry 2 baculoviral IAP repeat (BIR) or the ubiquitin-associated (UBA) domains [13] . To address the role of I. scapularis XIAP in the context of ubiquitination, we expressed and purified this protein and performed assays with commercially available ubiquitin, E1 (Ube1) and E2 (UbcH) enzymes. We used recombinant I. scapularis XIAP derived from Escherichia coli because this system has been used for polyubiquitination assays [14] [15] [16] . We detected low levels of polyubiquitination when XIAP was incubated with the E2 enzyme UbcH3 ( Figure 2B, lane 2) and high levels of polyubiquitination when XIAP was combined with UbcH13 ( Figure 2B , lane 10). Addition of ubiquitin in the absence of E1 (Ube1), E2 (UbcH13), and XIAP yielded only monoubiquitination ( Figure 2C, lane 6) . As previously observed, UbcH13 alone is capable of producing polyubiquitin due to autoubiquitination ( Figure 2C , lane 1) [17] . However, addition of I. scapularis XIAP revealed increased quantity and diversity of polyubiquitin in the 50-100 KDa range, as judged by Ub pan immunoblots ( Figure 2C , lane 5).
To demonstrate that the results obtained were not an UbcH13 artifact, we performed more stringent experiments. First, we used Ubpred [18] to predict XIAP autoubiquitination sites. Although Ubpred predicted that XIAP may be autoubiquitinated (Supplementary Figure 1A) , we did not observe any autoubiquitination activity ( Figure 2D ). Immunoblots using 2 independent antibodies (GST tag or XIAP) showed that XIAP did not autoubiquitinate under our experimental conditions. Next, we used ubiquitins with lysine 63 (Ub K63R K48R ) to determine the type of linkages the I. scapularis XIAP is involved. Incubating XIAP with Ub K48R did not show any alteration in activity ( Figure 3A ). On Figure 3 . Ixodes scapularis XIAP promotes K63-linkage polyubiquitin chains. Ubiquitination assays were performed and followed by Western blot. A, K48RUb and (B) K63RUb were included in polyubiquitination assays. Wild-type (WT) ubiquitin was used as a positive control. C, WT and K63R ubiquitins were used. Aliquots were resolved in 12% SDS-PAGE and then probed with Ub Pan ubiquitin (lanes 1-7, 14-16), Ub K48 (lanes 8-10), and Ub K63 -specific antibodies (lanes 11-13). These experiments were repeated at least twice. Abbreviation: XIAP, x-linked inhibitor of apoptosis protein.
the other hand, polyubiquitination was not observed when XIAP was incubated with Ub K63R ubiquitin ( Figure 3B ). As expected, incubation of XIAP and the wild-type ubiquitin (Ub WT ) showed polyubiquitination ( Figure 3 ). Third, a dosedependent polyubiquitination assay indicated that increased levels of I. scapularis XIAP enhanced polyubiquitination ( Figure 3C, lanes 5-7) . These results were confirmed with subsequent immunoblotting with Ub K63 and Ub K48 antibodies. Ub K48 polyubiquitination was not observed when Ub K48 immunoblots were performed ( Figure 3C , lanes 8-10), whereas Ub K63 polyubiquitination increased with higher amounts of XIAP ( Figure 3C, lanes 11-13) . Importantly, ubiquitin chains were not observed when the Ub K63R mutant was used, despite increased levels of XIAP ( Figure 3C, lanes 14-16) . Altogether, our findings provide strong evidence that I. scapularis XIAP carries out Ub K63 -linked polyubiquitination.
I. scapularis XIAP Requires the RING Domain for Polyubiquitination
To gain additional insight into I. scapularis XIAP function, we modeled its catalytic RING domain based on the E3 ubiquitin ligase MDMX, a negative regulator of the tumor suppressor protein p53 [19] . The I. scapularis XIAP RING domain consisted of 1 α-helix, 3 β-sheets, and 5 loops that accommodated 2 structural zinc ions folding in a "cross-brace" fashion ( Figure 4A ). Of the residues in the RING domain, cysteine and histidine amino acids were the most evolutionarily conserved (Supplementary Figure 1B) . From the consensus amino acids [20] , leucine, alanine, threonine, lysine, and isoleucine were retained, but one hydrophobic amino acid was replaced by a serine (Supplementary Figure 1C, and 4C). To assess the role of the RING domain in polyubiquitination, we expressed I. scapularis XIAP without this domain (XIAP-ΔRING) and performed polyubiquitination assays. When the RING domain was deleted from I. scapularis XIAP, polyubiquitination activity was greatly diminished when compared to the wild-type XIAP ( Figure 4C and 4D, lane 3) . Importantly, we noticed the residual autoubiquitination activity of UbcH13 ( Figure 4C and 4D, lane 1) , and the Ub K48R mutant did not influence polyubiquitination by the wild-type XIAP ( Figure 4C and 4D, lane 2) . Conversely, wild-type I. scapularis XIAP catalysis was greatly influenced by the Ub K63R mutant.
I. scapularis XIAP catalysis did not occur when the Ub K63R mutant was used ( Figure 4C, lane 5) . RING domains have previously been shown to require 2 zinc cations to provide a stable structure for E3 ligases [14] . To determine whether I. scapularis XIAP was sensitive to zinc depletion, XIAP was incubated with the zinc chelator TPEN [14] and subsequently rescued by the addition of ZnCl 2 . When I. scapularis XIAP was subsequently probed with an antibody that recognizes Ub Pan or Ub K63 , polyubiquitination activity was abrogated ( Figure 5A and 5B, lane 4) . Interestingly, XIAPdependent polyubiquitination was readily restored in a ZnCl 2 concentration-dependent manner ( Figure 5A and 5B, lanes 5-7). We then tested the sensitivity of I. scapularis XIAP to the alkylating agent NEM. NEM interacts with the sulfhydryl group of cysteine residues in certain E3 ligases. However, RING-type E3 ligases are relatively insensitive to NEM activity [14, 21, 22] . We only observed an effect of NEM on XIAP at very high concentrations ( Figure 5D, lane 7) , perhaps, due to the alkylation of cysteine residues within the RING finger [21] . Overall, these results suggest that I. scapularis XIAP requires zinc cations for polyubiquitination activity, and the RING domain is essential for Ub K63 -type polyubiquitination.
XIAP Restricts A. phagocytophilum Colonization of I. scapularis
Because human XIAP was previously associated with A. phagocytophilum infection [12] , we designed siRNA to determine whether the tick XIAP had any role in microbial pathogenesis. Figure 2) . We then compared A. phagocytophilum load in xiap silenced (si619) vs nonsilenced ISE6 cells (sicontrol; Figure 6A) . A. phagocytophilum infection increased upon xiap silencing in ISE6 cells, as indicated by quantitative reverse transcription polymerase chain reaction (qRT-PCR) and Romanowsky staining ( Figure 6B and 6C) . XIAP in mammals has been associated with apoptosis [12, 23] . Thus, we silenced xiap in ISE6 tick cells and verified cell death. We used adenosine triphosphate (ATP) quantification as a read-out for metabolically active cells because measuring cell death with standard mammalian lactate dehydrogenase (LDH) assays was hampered by high background levels-most likely due to the complexity of the ISE6 cell culture media. Importantly and similar to mammalian cells [6] , A. phagocytophilum inhibited cell death in tick cells at multiplicity of infection (MOI) 100 ( Figure 6D ). We also observed that xiap silencing did not affect cell death in I. scapularis ISE6 cells (Figure 6D ), suggesting that this gene may not have an apoptotic role in I. scapularis. Alternatively, the redundancy of the I. scapularis genome [24] could have "masked" the phenotype. This is reasonable because stimulation of I. scapularis ISE6 cells with different concentrations of staurosporine, a common trigger for mammalian cell apoptosis [25] , did not induce cell death at 5 and 24 hours poststimulation ( Figure 6E ).
I. scapularis nymphs were also microinjected with siRNAs. No difference in feeding (as judged by tick engorgement) was observed between ticks injected with xiap (si619) and control siRNAs ( Figure 7A ). This is important because it suggested that both groups of ticks were feeding similarly and xiap silencing did not influence engorgement. Silencing was obtained in tick salivary glands ( Figure 7B ) and midguts ( Figure 7C) . A. phagocytophilum load was also found to be higher in I. scapularis upon xiap silencing ( Figure 7D and 7E ). These findings suggest that xiap restricts A. phagocytophilum colonization of I. scapularis ticks.
DISCUSSION
How polyubiquitination regulates pathogen colonization of medically relevant arthropods has not yet been determined. Here, we describe a tick E3 ubiquitin ligase, named XIAP, restricting bacterial colonization of an arthropod vector.
Polyubiquitination has been widely demonstrated to regulate microbial pathogenesis and immunity [26, 27] . For example, NF-κB activation is controlled by polyubiquitination in MyD88-dependent pathways following exposure to pathogens [27] . The E3 ubiquitin ligase TRAF6 is also recruited when TLRs are activated, leading to Ub K63 polyubiquitination of kinases [26] . This mechanism appears evolutionarily conserved ) and a modulator of the IMD pathway in arthropods [30] , reiterates our reasoning. It is unclear how RING domains of E3 ubiquitin ligases transfer ubiquitin to substrate proteins. It is suggested that a dimeric XIAP RING domain is necessary for polyubiquitination activity [31] .
Though not yet proved, we have some evidence of XIAP dimerization during A. phagocytophilum infection of ISE6 cells. XIAP dimerization appears very strong because our attempts to rupture this dimer under different conditions were unsuccessful.
I. scapularis XIAP was not found to be autoubiquitinated. This is contrary to reports observed for XIAP homologues in mammals, where autoubiquitination and proteasomal degradation seems to be a requirement for apoptosis [13] . Although we did not observe any effect of I. scapularis XIAP on cell death, we do not exclude the possibility that I. scapularis XIAP may perform autocatalytic functions under physiological conditions, as many E3 ligases require accessory proteins for their activity [5, 13, 32, 33] . As previously shown, I. scapularis XIAP share similarity with MdmX, and this protein interacts with another E3 ubiquitin ligase named Mdm2 through its RING domain [19] . Undoubtedly, clarifying the physiological role of XIAP during pathogen infection of ticks will be important. However, this endeavor is not currently possible because the technology to insert or delete genes in ticks is not available.
Understanding the polyubiquitination machinery may allow for the development of innovative strategies to treat vectorborne illnesses. It would be fascinating to apply chemical screening assays with the intent of modulating the arthropod ubiquitome. This approach would be a first step toward the development of structure-based molecules that target vectorpathogen interactions. This is not unreasonable as pharmacological inhibitors named second mitochondria-derived activator of caspase (SMAC) mimetics have been successfully used in Drosophila [34] . Hence, SMAC mimetics may provide novel therapeutic opportunities for the treatment of vector-borne diseases. In summary, the results presented here promote a significant advancement in ubiquitin biology in the context of pathogen colonization of medically relevant arthropod vectors.
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